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Working Memory and executive functioning deficits are core characteristics of patients
suffering from schizophrenia. Electrophysiological research indicates that altered patterns
of neural oscillatory mechanisms underpinning executive functioning are associated
with the psychiatric disorder. Such brain oscillatory changes have been found in
local amplitude differences at gamma and theta frequencies in task-specific cortical
areas. Moreover, interregional interactions are also disrupted as signified by decreased
phase coherence of fronto-posterior theta activity in schizophrenia patients. However,
schizophrenia is not a one-dimensional psychiatric disorder but has various forms and
expressions. A common distinction is between positive and negative symptomatology
but most patients have both negative and positive symptoms to some extent. Here, we
examined three groups—healthy controls, predominantly negative, and predominantly
positive symptomatic schizophrenia patients—when performing a working memory task
with increasing cognitive demand and increasing need for executive control. We analyzed
brain oscillatory activity in the three groups separately and investigated how predominant
symptomatology might explain differences in brain oscillatory patterns. Our results
indicate that differences in task specific fronto-posterior network activity (i.e., executive
control network) expressed by interregional phase synchronization are able to account for
working memory dysfunctions between groups. Local changes in the theta and gamma
frequency range also show differences between patients and healthy controls, and more
importantly, between the two patient groups. We conclude that differences in oscillatory
brain activation patterns related to executive processing can be an indicator for positive
and negative symptomatology in schizophrenia. Furthermore, changes in cognitive and
especially executive functioning in patients are expressed by alterations in a task-specific
fronto-posterior connectivity even in the absence of behavioral impairment.
Keywords: positive and negative symptomatic schizophrenia, brain oscillations, executive functions, working
memory, fronto-parietal network, theta, gamma
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INTRODUCTION
Schizophrenia is a complex disorder comprised of widespread
affective, cognitive, and behavioral disturbances and disruptions.
The most widely used sub-classification of schizophrenia is the
division into positive (hallucinations and delusions or confused
thoughts and speech) and negative (anhedonia and withdrawal)
symptomatology. Further core characteristics of the disorder
are cognitive deficits such as disrupted memory processes,
executive functioning, and attention. Such cognitive disturbances
are usually equally present in patients showing predominantly
negative or positive symptoms.
At the cortical level, patients suffering from schizophrenia
(SZ) show large scale structural changes and alterations in
the functional architecture of the brain. The condition is
associated with significant gray and white matter volume losses
(Kiriakopoulos et al., 2008; Huhlshoff Pol et al., 2002; Roalf et al.,
2015; van Erp et al., 2015). Furthermore, fMRI studies indicate
altered hemodynamic responses in distributed brain regions
among SZ patients from sensory areas (Haenschel et al., 2009)
to regions associated with higher-cognitive functioning (for a
review see Ettinger et al., 2015). Electrophysiological studies also
revealed dysfunctional electrophysiological activity in various
parts of the cortex (Haenschel and Linden, 2011; Uhlhaas and
Singer, 2015). The widespread structural and haemodynamic
changes are a hallmark of schizophrenia. Yet the PFC seems
to be disproportionately affected regarding structural but also
functional changes (Wen et al., 2011; Zhou et al., 2015), and
appears to contribute to patients’ cognitive impairment (WM
loss, attention deficit, impaired executive functioning, etc.).
Indeed several studies confirmed that dysactivation in the PFC
is correlated with WM and executive functioning deficits (see
Teffer and Semendeferi, 2012 for reviews; Etkin et al., 2013).
In patients suffering from schizophrenia hypofrontality is most
often reported where SZ patients display a pronounced decrease
in prefrontal activation compared to healthy control participants
while performance is usually but not necessarily affected (e.g.,
Carter et al., 1997; Callicott et al., 2003). Furthermore, Kerns
et al. (2005) show that patients display reduced activity in
the anterior cingulate cortex (ACC) during cognitive tasks,
and that this reduction is associated with impaired conflict
monitoring. In a meta-analysis by Glahn et al. (2005) clear
support for hypofrontality in patients as compared to healthy
controls was found. But the opposite seems to hold true in many
cases; where patients consistently show increased activation
(hyperfrontality) in prefrontal regions during working memory
operations. Such hyperfrontality is normally interpreted as a
compensatorymechanism (Callicott et al., 2003;Manoach, 2003).
For example, Karlsgodt et al. (2007) found a strong positive
association between the amount of prefrontal activation and
performance. Manoach et al. (2000), on the other hand, report an
increased prefrontal activation in SZ patients while performance
was significantly impaired as compared to healthy controls.
Taken together these studies indicate a less than uniform picture
about frontal activation in patients with SZ during working
memory task performance. What becomes clear, however, is that
aberrant frontal activation during cognitive task performance
and executive control is prominent in patients and might reflect
general dysfunctions due to the disorder as well as mechanisms
to compensate for those.
Thus, investigating WM, attention, executive control,
and altered activity in the PFC seem to be a key factor
for understanding the cognitive deficits associated with
SZ. However, the above mentioned studies do not tell the
entire story. Converging evidence suggests not only overall
activation/deactivation as measured with brain imaging
techniques but also transient and sustained EEG oscillatory
mechanisms are crucial for understanding brain functioning
in healthy as well as patient populations (Voytek and Knight,
2015). The exact timing of neuronal activity is important for
information processing (e.g., O’Keefe and Recce, 1993; Singer
and Gray, 1995) and rhythmic activity ranging from below 1
Hz to well above 100 Hz provide a time frame for neuronal
synchrony (e.g., Buzsaki and Wang, 2012). Slow oscillations
(e.g., theta 4–7 Hz) are associated with co-ordinating processes
that span larger networks sometimes distributed across several
cortical areas. Frontal theta oscillations—consistently found to
originate in the ACC (e.g., Tsujimoto et al., 2006) are sensitive
to task difficulty and prominent during maintenance and
manipulation of information, during sustained attention and
during unspecific processes of cognitive resource allocation (e.g.,
Gevins et al., 1997; Sauseng et al., 2007, 2010; Mitchell et al.,
2008; Berger et al., 2014; Cavanagh and Frank, 2014). By contrast,
gamma oscillations are mainly reported in connection to local
information processing and co-ordination of activity in rather
small networks. Gamma frequency oscillations are positively
correlated with the BOLD signal and the firing of local neuronal
assemblies (e.g., Roux and Uhlhaas, 2014).
A series of studies emphasizes that WM and attention deficits
in patients with schizophrenia are accompanied by alterations
in brain oscillatory activity. Gamma band-specific changes in
the PFC are some of the most often reported oscillatory
correlates of SZ, usually exhibiting lowered resting-state and
task specific gamma activity (e.g., Cho et al., 2006; Basar-Eroglu
et al., 2007; Gandal et al., 2012; Senkowski and Gallinat, 2015).
However, contradicting findings also exist where SZ patients
displayed stronger PFC gamma activity both during resting and
cognitive operations in comparison to healthy control subjects
(see e.g., Moran and Hong, 2011 or Senkowski and Gallinat,
2015 for a review). The dysregulation of GABAergic inhibitory
neurotransmission—and hence imbalance between inhibition
and excitation—is thought to underlie prefrontal gamma band
changes. It might be one potential key mechanism responsible for
many of the cognitive deficits in schizophrenia (Dasklakis et al.,
2007; Uhlhaas and Singer, 2010; Lisman, 2012).
Another brain oscillatory pattern commonly found in SZ
is increased low frequency brain activity in particular at
theta, but also at delta frequencies (see Lisman, 2012 for a
review). However, findings are also reported in the opposite
direction where patients suffering from SZ display significantly
less theta power than healthy control subjects (e.g., Koychev
et al., 2012). This frontal—and especially medial frontal—slow
frequency aberration in patients with SZ is well in line with
their experienced deficits in WM and attention processes and
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might either portray the impairment itself or alternatively, a
compensatory mechanism to employ prefrontal resources to
counter the deficit in cognitive processing. The controversial
results regarding theta increase or decrease, however, are
somewhat difficult to explain as the neurobiological mechanisms
behind low frequency changes in SZ are less well identified
than the ones behind fast frequencies. Furthermore, it is unclear
whether low and high frequency changes are related or whether
they are manifestations of two entirely separate neurobiological
mechanisms (Uhlhaas and Singer, 2014).
Recent research identified local oscillatory and interregional
coupling mechanisms driving allocation of attention and WM
operations (Sauseng et al., 2005, 2010; Mizuhara and Yamagutchi,
2007; Wang et al., 2009; Ishii et al., 2014). Thereby, fronto-
parietal neural synchronization seems to play a major role
for executive functions. Given that executive control and WM
operations are described as deficient in patients with SZ, it
would make sense if the underlying neural correlates were
affected by the disorder as well. And indeed, as Griesmayr et al.
(2014) could show theta coherence between frontal and posterior
cortical brain areas seems to be strongly decreased during a
WM task in SZ patients as compared to healthy controls. In
line with this, in a PET study, Meyer-Lindenberg et al. (2001)
found aberrant fronto-posterior connectivity patterns as well
as hypofrontality located in the ACC during a WM task in
patients suffering from schizophrenia as compared to control
subjects. Additionally, Popov et al. (2015) found decreased
fronto-parietal connectivity (indexed by ACC theta phase to
inferior parietal gamma amplitude coupling) in patients during
increased demand for executive control. These findings are well
in line with work demonstrating a general dysconnectivity in
schizophrenia (see Uhlhaas and Singer, 2010; Schmitt et al.,
2011). Rogasch et al. (2014), for instance, present evidence for
dysconnectivity between task-dependently interacting cortical
and subcortical areas in SZ as compared to healthy controls.
Furthermore, they conclude that the inability to generate gamma
oscillations in the PFC seems to be linked to higher positive
symptomatology and cognitive impairment.
Findings highlighting specific symptoms being differentially
linked to altered functional brain activity indicate that patients
suffering from predominantly positive or predominantly negative
symptoms might have differentially affected electrophysiological
correlates of cognitive and especially executive functioning. This
might also explain some of the above discussed controversial
fMRI/EEG results. Lisman and Buzsaki (2008) for example
argue that dysregulations of theta and gamma oscillations could
result in very different symptoms; the former is responsible
for confusion in the order of thoughts or percepts while the
latter for memory deficits. Herrmann and Demiralp (2005)
found that negative symptoms correlate with a decrease in
gamma activity, whereas increased gamma activity was linked
to positive symptoms such as hallucinations. Despite their
high value for understanding the disorder itself, it might be
a critical issue that most of the electrophysiological studies
differentiating between positive and negative symptomatology
look at the resting state activity in patients and healthy
controls only. Importantly, however, in order to link findings
regarding neural correlates of executive control and working
memory deficits in SZ patients with their dysfunctional
neuronal processes, it is vital to investigate patients during
the execution of such a task. More specifically, we wanted to
investigate and compare patients with predominantly positive
and predominantly negative symptomatology regarding central
executive difficulties in working memory. Additionally, the
aim of this study was to investigate potential brain oscillatory
signatures of central executive dysfunctioning at fast as well as
slow EEG frequencies.
For this purpose we examined the difference between
patients with predominantly negative symptoms, patients with
predominantly positive symptoms and healthy control subjects
that were tightly matched in gender, age and highest level
of education during executing a visuo-spatial delayed-match-
to-sample working memory task with high executive function
demand while EEG was recorded. We investigated whether the
two patient groups and healthy controls display differences in
neuronal processing in the theta and gamma frequency bands
in the ACC as well as the posterior parietal cortex (right and
left BA40). As outlined above these frequency bands seem to
be critically involved in complex working memory operations
and the specified regions of interest are crucial for fronto-
parietal executive control processes. Finally, we wanted to know
whether patients and control subjects differ in terms of fronto-
parietal communication during a working memory task with
high central executive load. Our study aims at understanding
alterations of working memory related brain oscillatory activity
in patients suffering from schizophrenia predominated by
different symptomatologies (negative and positive). Thereby we
are trying to fill a gap in the understanding of this complex
disorder as, to our knowledge, there is no research that has
investigated these schizophrenia sub-populations in such a
manner.
MATERIALS AND METHODS
The here reported data are a reanalysis of part of the data
previously published by Griesmayr et al. (2014). In comparison
to this earlier publication, however, the analyzed sample was
divided according to symptomatology; i.e., patients suffering
from predominantly positive symptomatic and predominantly
negative symptomatic schizophrenia. Moreover, in the current
paper data were analyzed in EEG source space in order to identify
the effects in specific regions crucially implicated in the fronto-
parietal control network.
Participants
Twenty-seven patients meeting ICD 10- criteria for
schizophrenia participated in the study. Patients were recruited
from the in- and outpatient facilities of the “Christian-Doppler
Klinik Salzburg.” They had normal or corrected to normal
vision and intact color vision. None of the patients showed
a history of neurological illness or had alcohol or substance
abuse within the last month prior to study participation.
Further criteria for participation were that pharmacological
treatment was stable and that they did not have acute florid
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symptomatology. Seven participants had to be excluded from
data analysis because they could not finish the task (n = 3),
the EEG was too heavily contaminated with artifacts (n = 4).
Severity of clinical symptomatology was assessed with the PANSS
(Positive and Negative Syndrome Scale; Kay et al., 1987) by
trained psychiatrists. The obtained scores were used to classify
patients either as “predominantly negative symptomatic” or
“predominantly positive symptomatic” (later referred to as
NEG and POS, respectively) which resulted in the two patient
sub-groups (NEG and POS) with 10 patients each (see Table 1
for details and statistical comparisons). The two patient groups
were matched according to age, gender, and highest education
level. The diagnostic subgroups of the NEG and POS groups
were paranoid schizophrenia (NEG: n = 7; POS: n = 9),
undifferentiated schizophrenia (NEG: n = 1) and schizoaffective
disorder (NEG: n = 1; POS: n = 2). Patients received treatment
with atypical (NEG: n = 9; POS: n = 5), typical (POS: n = 2),
and combined atypical and typical (NEG: n = 1; POS: n = 3)
antipsychotics. Additionally, some participants received low
doses of benzodiazepines (POS: n = 3) and/or antidepressants
(NEG: n= 5; POS: n= 3). The mean chlorpromazine equivalent
for NEG was 321.67 mg/day (SD = 257.92) and for POS 806.68
mg/day (SD = 326.87) (see Möller et al., 2000; Woods, 2003; see
Table 1 for statistical comparisons).
The 10 healthy control participants (later referred to as
CON group) are a sub-set of the 21 healthy controls used by
Griesmayr et al. (2014). They were matched to the two patient
groups according to age, gender and level of highest education.
Prior to testing they completed the Brief Symptom Inventory
(Franke, 2000) which screens for clinically relevant psychological
stress symptoms and the Structured Clinical Interview (SCI-I)
to check for any mental disorders. Moreover, participants were
excluded if they had any neurological diseases or first-degree
relatives with a psychiatric disorder as well as when they reported
alcohol or substance abuse within the last month prior to study
participation.
All participants gave a written informed consent and were
monetarily reimbursed for participation. The study was approved
by the ethics committee of the Federal State of Salzburg and
conducted in agreement with the Declaration of Helsinki.
Experimental Procedure
Participants performed a visuo-spatial delayed-match-to-sample
working memory task in a dimly lit room. The stimuli were
presented centrally on a computer screen with Presentation R©
0.71. The memory set was presented at the beginning of each
trial for 700 ms as a 6 × 6 matrix (visual angle of 9.2◦ × 9.2◦) in
which either one (load 1) or three (load 3) colored squares were
presented. Additionally, if the squares were green, participants
simply needed to retain their position for a delay period of 2000
ms (retention task); while if the squares were red they needed to
mentally rotate their positions around a vertical line in themiddle
of the matrix (manipulation task) during the delay interval.
During the 2000ms delay period amask was presented to prevent
afterimages. Thereafter, a probe matrix was presented in which
one or three (depending on load) gray squares were presented
for a further 2000 ms. Participants then needed to indicate by
mouse button press whether the square locations in the probe
matrix matched the memory set or not (or the mentally rotated
version thereof, depending on task). For non-match trials one
of the squares in the probe matrix was shifted for one location.
Between trials participants saw a fixation cross (duration jittered
between 2100 and 2500 ms; see Figure 1 for depiction of trial
structure and stimulus example). Participants were instructed to
answer as correctly as possible.
In total 224 trials were presented which resulted in 56
trials per condition—retention load 1 (RETL1), retention load 3
(RETL3), manipulation load 1 (MANL1), and manipulation load
3 (MANL3)—of which half were match and half were non-match.
Trials were presented in randomized order and a practice block
was carried out before the start of the actual experiment.
EEG Recording
Data were recorded from 28 Ag-AgCl ring electrodes (Easycap R©)
mounted according to the international 10–20 system: Fp1, Fp2,
F7, F3, Fz, F4, F8, FC3, FCz, FC4, T3, C3, Cz, C4, T4, CP5, CPz,
CP6, T5, P3, Pz, P4, T6, PO3, PO4, O1, Oz, O2; against two
reference electrodes placed on the earlobes. The ground electrode
was placed on the forehead and eye movements were recorded
with an electrode each above and next to the right eye. The EEG
signal was registered between 0.016 and 80 Hz with a sampling
rate of 1000 Hz and a notch-filter set at 50 Hz using a BrainAmp




For behavioral data analysis IBM SPSS Statistics 22 was used. The
accuracy (percentage of correctly performed trials) was analyzed
using Wilcoxon Signed Rank test to examine the difference in
performance comparing low-load and high-load conditions, as
well as, the retention and the manipulation task, irrespective of
the group of participants. The impact of the participants’ group
on the accuracy was further tested with a series of Kruskal-Wallis
tests.
EEG Data Analysis Pre-processing
For EEG data analysis Brain Vision Analyzer 2.0 (Brain
Products R©) and in-houseMatlab R2014b scripts (MathWorks R©)
were used and statistical analyses were performed with IBM SPSS
Statistics 22 and Matlab. Data were first oﬄine re-referenced to
digitally linked earlobes and high-pass filtered with a low cut-
off at 1 Hz (48 db/Oct Butterworth Zero Phase IIR Filter as
implemented in BrainVision Analyzer 2.0). In order to remove
horizontal and vertical eye movements and blinks, independent
component analysis (ICA) ocular correction was applied to the
filtered raw EEG data. Remaining artifacts were removed by
visual inspection. Then data were segmented (from 1000 ms
pre-stimulus onset to 3000 after stimulus onset, in respect to
the memory set) for every condition separately as the focus of
the analysis was on the delay interval; i.e., when participant
retained the location of the square(s) or mentally rotated them.
On average this resulted in 45.97 (SD = 4.82) artifact free trials
for RETL1, 46.7 (SD = 5.02) for RETL3, 44.4 (SD = 4.77) for
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TABLE 1 | Demographic and clinical characteristics (p-values represent the significance of the performed Kruskal–Wallis tests between groups, except
gender, and education, which were tested with chi-square tests).
Controls Negative symptomatic sub-group Positive symptomatic sub-group p-values
N 10 10 10
Age 33.50 ± 2.87 31.60± 2.59 32.80± 2.43 p = 0.925
Gender (male/female) 6/10 7/10 8/10 p = 0.621
PANSS overall – 78.66± 23.91 77.11± 20.91 p = 0.880
PANSS neg.sympt. – 24.67± 3.03 14.56± 1.51 p = 0.015
PANSS pos.sympt. – 16.67± 2.12 21.67± 2.78 p = 0.138
Education p = 0.312
Higher degree 3 3 0
A-levels 5 4 3
Apprenticeship/professional school 1 1 3
Elementary school 1 2 4
Colrpromazine (mg/day) – 321.67± 257.92 806.68± 326.87 p = 0.002
MANL1 and 47.57 (SD= 4.13) for MANL3. An estimation of the
electrophysiological activity at source space was then calculated
using the LORETA algorithm implemented in Brain Vision
Analyzer 2.0 (see Pascual-Marqui et al., 1994). The algorithm
transforms the scalp-level EEG data into a time series of current
source density in pre-defined regions of interest (ROIs) in 3D-
source space for each single trial. The ROIs were specified in
line with the fronto-parietal network hypothesis outlined in the
introduction; this resulted in one ROI in the bilateral ACC and
one in the right BA40 (posterior parietal cortex bordering the
IPS) and one in the left BA40.
Instantaneous Amplitude
To obtain the instantaneous amplitude of theta and gamma
frequencies in these regions, two individual continuous complex
Morlet wavelet transformations were calculated for slow and fast
frequencies, respectively. For slow frequencies a 5-cycle Morlet
wavelet was used to analyse the frequency range from 3 to 15
Hz in 13 frequency steps. For fast frequencies a 10-cycle Morlet
wavelet transform was calculated from 30 to 80 Hz in 6 frequency
steps. Any further analysis was done using in-house Matlab
R2014b scripts (Math Works R©). In order to account for outliers
we used a conventional cut-off of ±3.29 standard deviations
for every subject and every data point across trials. Values that
exceeded this individual cut-off were set to the value representing
±3.29 times the standard deviation. This was done to attenuate
the impact of extreme values without having to remove the
whole trial. For the calculation of changes in the instantaneous
amplitude of theta and gamma oscillations during the 2000
ms retention/manipulation interval the instantaneous amplitude
values were first averaged across trials. The power values of
both, theta and gamma frequencies were decibel transformed (see
(Cohen and Ridderinkhof, 2013) for more details) according to
a baseline period from 500 to 200 ms prior to stimulus onset.
Decibel conversion was used in order to ensure comparability
between all frequencies, conditions, groups or subjects and time
points as it brings all data to the same scale. Frequency bins
between 4 and 8 Hz were averaged to obtain a theta band, and
frequency bins between 30 and 50 Hz and between 50 and 80 Hz
were averaged into a slow and a fast gamma band, respectively.
Finally, the decibel transformed amplitude values for the three
frequency bands were averaged into four time windows of 500
ms each between stimulus-offset and probe-onset. For statistical
comparisons the average decibel transformed amplitude values
for each time window were exported for each condition (RETL1,
RETL3, MANL1, and MANL3) and each individual subject and
analyzed in IBM SPSS Statistics 22 with a mixed-model ANOVA
with the three within-subject factors: task (RET, MAN), load
(L1, L3), and time window (1–4; Time); and the between-subject
factor: group (NEG, POS, CON). This statistical procedure was
repeated for each frequency band and each ROI separately. Post-
hoc tests were Bonferroni corrected and when assumption of
sphericity was not met data were Huynh-Feldt corrected.
Phase Synchronization
In order to obtain theta phase values for calculations of the
phase locking value (PLV) the phase of theta (center frequency
of 6; 5 cycles complex continuous Morlet wavelet) was estimated
between −pi and +pi in Brain Vision Analyzer 2.0 and then
exported into Matlab to be further analyzed using in-house
scripts. To assess whether theta phase estimated from the ACC
is locked to the theta phases as obtained from the right and left
BA40 the PLV was calculated according to Lachaux et al. (1999).
The PLV is a measure of interregional phase synchronization by
assessing the inter-trial variability of phase differences between
signals from two distinct sources at any given time point. The
PLV can range from zero to one, where a value of 1 indicates
perfect stability of phase differences between the two signals
across trials, and a value of 0 indicates completely random
distribution of phase differences. First, the theta phase differences
were calculated between two ROIs (frontal and right or left
parietal) for every time point in every trial (2000 ms of delay
period) for every condition and every participant separately.
Then the values across trials were averaged and finally the data
within the 2000 ms delay period were again averaged into four
time windows of 500 ms each (see instantaneous amplitude). For
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FIGURE 1 | Schematic depiction of the visuo-spatial delayed match to sample working memory task. Participants had to either retain the positions of the
colored squares (Retention) or mirror their positions around the vertical line (Manipulation). The load was either one item (L1) or three items (L3). Figure taken with
permission from Griesmayr et al. (2014).
statistical analysis the PLV values were analyzed in IBM SPSS
Statistics 22 with a mixed-model ANOVA with the three within-
subject factors: condition (RET, MAN), load (L1, L3), and time
window (1–4); and the between-subject factor: group (NEG, POS,
CON) for the right and the left BA40 separately.
RESULTS
Behavioral Results
The analysis of the behavioral data showed that the accuracy was
significantly lower in the high-load (L3) than in the low-load (L1)
condition in the retention task (MdnL1 = 98.21,MdnL3 = 97.32),
Z = −2.38, p = 0.017, and in the manipulation task (MdnL1 =
96.43, MdnL3 = 83.04), Z = −4.79, p < 0.001. Further analysis
showed that the accuracy was affected not only by the load, but
also by the task. That is the accuracy was significantly lower in
the manipulation task at low-load, Z = −2.71, p = 0.007 and at
high load Z = −4.79, p < 0.001 in comparison to the retention
task.
Importantly, the performed analysis on the accuracy between
the three groups (negative symptomatic, positive symptomatic
patients, and healthy controls) revealed no significant effect in
either of the tasks at neither load. More specifically, the accuracy
of the NEG, POS, and CON groups showed no significant
difference in the retention task at low-load (L1), H(2) = 3.28,
p = 0.19, and at high-load (L3), H(2) = 3.28, p = 0.19, or in the
manipulation task at low-load (L1), H(2) = 0.34, p = 0.846, and
at high-load, H(2) = 1.02, p= 0.602.
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In sum the behavioral result suggest that accuracy was
influenced by load and also by task. Participants performed better
in the low-load conditions and in the retention task. Importantly,
the three groups showed similar behavior performance, i.e., the
control group performed no better than the patient groups (see
Table 2 for accuracy values).
Instantaneous Amplitude
ACC Theta
Analysis of the task-specific instantaneous theta amplitude values
in the ACC revealed a main effect of Task, F(1, 27) = 10.85,
p = 0.003, indicating that the manipulation task was associated
with higher theta amplitude in the ACC than the retention
task. Furthermore, the main effect of Load was also significant,
F(1, 27) = 9.59, p = 0.005, because of the higher theta amplitude
in the high-load (L3) condition. In addition, the also significant
main effect of Time (1–4), F(1.88, 50.7) = 10.94, p< 0.001, was the
result of the attenuation of the theta amplitude increase (as to
baseline) over the course of the delay period.
In addition, interaction effects [Load × Time, F(2.6, 70.18) =
10.69, p < 0.001; Task × Time interaction, F(2.57, 68.74) = 8.2, p
< 0.001] indicate that theta stays higher over the course of the
whole delay period for the more difficult conditions (i.e., higher
load and manipulation task). Finally, a Task × Load × Time
× Group four-way interaction effect also reached significance,
F(5.95, 80.31) = 2.55, p = 0.026. Further testing showed that in the
control group the theta power increase (as to baseline) showed
consistent attenuation over the course of the delay period for
the retention task in general and for the low-load condition of
the manipulation task [main effect of Time FRetL1(3, 27) = 8.87,
p < 0.001; FRetL3(3, 27) = 17.94, p < 0.001; FManL1(3, 27) = 13.41,
p < 0.001]; whereas it did not drop over time in the high-load
manipulation condition [Time FManL3(3, 27) = 0.9; p = 0.455].
The negative symptomatic group showed a pattern similar to the
controls in the low-load retention condition [Time FRetL1(1.3, 11.8)
= 5.84, p = 0.026] but with a less pronounced attenuation of
theta power. However, theta power was sustained not only in the
manipulation high-load but also in the low-load and retention
high-load condition [Time FRetL3(1.8, 16.3) = 0.31, p = 0.715;
FManL3(1.4, 12.9) = 0.1, p= 0.845; FManL1(3, 27) = 2.48, p= 0.083].
The positive symptomatic group displayed rather sustained theta
power over the course of the delay period in all conditions
except low-load retention condition [Time FRetL1(3, 27) = 8.62,
p < 0.001; FRetL3(3, 27) = 2.22, p = 0.109; FManL1(3, 27) = 2.99,
p = 0.052; FManL3(1.8, 16.6) = 1.29, p = 0.300]; with the high-load
TABLE 2 | Mean accuracy with standard error across groups, conditions,
and load.
Retention Manipulation
Load 1 Load 3 Load 1 Load 3
CON 95.18 ± 3.25 93.04 ± 3.41 93.57 ± 2.58 81.79 ± 3.73
NEG 98.39 ± 0.62 97.50 ± 1.07 96.07 ± 0.95 83.22 ± 1.49
POS 97.14 ± 0.48 93.22 ± 2.01 94.64 ± 1.38 79.82 ± 2.61
Total 96.90 ± 1.10 94.58 ± 1.37 94.76 ± 1.01 81.61 ± 1.56
manipulation condition showing even a slight steady increase
over the delay period (see Figure 2).
Overall, these results suggest that ACC theta amplitude was
increased in the high-load condition and in themanipulation task
and that theta amplitude was particularly pronounced during
the early time windows of the delay period. Furthermore, the
decrease over the course of the delay period was smaller in the
high-load condition and in the manipulation task.
ACC Gamma
The only effect that was significant in the analysis of the low-
gamma band, was a main effect of Time, F(2.56, 66.47) = 5.79,
FIGURE 2 | Frontal theta band activity for the high-load manipulation
condition for all three groups. The frequency of interest (4–7 Hz) and time
period of interest (delay period) are indicated with a frame.
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p = 0.002, indicating higher gamma power during the second
part of the delay period, irrespective of task, load and group.
The analysis in the high gamma range revealed a main
effect of Time, F(1.92, 51.85) = 5.82, p = 0.006, which was
driven by the increase of gamma power over the course of
the delay period. Furthermore, central to our hypothesis, a
marginally significant Load × Group interaction effect was
found, F(2, 27) = 3.1, p= 0.061 (see Figure 3). Post-hoc ANOVAs
performed separately on low-load and high-load trials showed
that whilst in the low-load condition, no significant main
effect or interaction involving Group emerged, in the high-load
condition a main effect of Group reached significance, F(1, 27)
= 3.48, p = 0.045. Importantly, the Bonferroni corrected (pcrit
< 0.017) pairwise comparisons showed a significant difference
only between positive and negative symptomatic groups, t(18) =
2.65, p = 0.016, indicating higher gamma power in the negative
symptomatic group than in the positive symptomatic group at
high-load. In fact, further post-hoc repeated-measures ANOVA
carried out on the positive and negative symptomatic group data
separately suggested that, whereas in the negative symptomatic
group the gamma power significantly increased from low-load
to high-load conditions, F(1, 9) = 6.29, p = 0.034, there was
no difference in the positive symptomatic group gamma power
across the same conditions (see Figure 3).
To summarize the above results, in the lower gamma
frequency range the only significant finding suggested amplitude
increase over the delay period. Similarly, high gamma amplitude
also increased over the delay period; but importantly, amplitude
was differentially affected by the factor group in the high-
and low-load conditions. Whereas, in the low-load condition
there was no difference among the groups, in the high-load
condition gamma power was significantly higher in the negative
symptomatic group than in the positive symptomatic group.
FIGURE 3 | Frontal gamma amplitude differences between high-load
and low-load conditions for the three groups. While the positive
symptomatic group shows decreased gamma power in the ACC in the
high-load condition, the negative symptomatic group displays a marked
increase. The healthy control subjects do not differ from either patient group.
Significant differences are indicated by asterisks (p < 0.05).
BA40 Theta
Theta power in the right parietal ROI was modulated by several
factors as a series of main and interaction effects showed. The
strongly significant main effect of Time, F(2.39, 64.62) = 11.57, p
< 0.001, reflected the fact that theta amplitude was higher in the
earlier time windows and showed a decrease over the course of
the delay period.
Importantly, the results also indicated significant Time ×
Group, F(4.79, 64.62) = 2.60, p = 0.035, and Task × Group
interaction effects, F(2, 27) = 3.55, p= 0.043. The former suggests
that the decrease of theta power over the delay period was further
modulated by the Group factor. Additional separate ANOVAs for
each group individually revealed that there is no significant effect
of Time in the healthy controls and the positive symptomatic
group but a strongly significant main effect of Time in the
negative symptomatic group F(3, 9) = 13.73, p < 0.001; showing
a decrease of theta power over the course of the delay period in
the right BA40.
Furthermore, the above-mentioned significant Task × Group
interaction effect was primarily driven by the fact that while the
control group had increased theta power in the manipulation
task compared to the retention task (irrespective of load),
F(1, 9) = 7.21, p = 0.025, the positive symptomatic group
displayed a marginally significant decrease in the manipulation
as compared to the retention task F(1, 9) = 3.88, p= 0.08, and the
negative symptomatic group displayed no significant difference.
Finally, the analysis of the left parietal ROI also showed a
significant main effect of Time, F(2.22, 59.87) = 31.65, p < 0.001
and a marginally significant main effect of Load, F(1, 27) = 4.16,
p = 0.051. The main effect of time indicated that over the course
of the delay period theta power decreased.
To sum up, theta power in the right parietal ROI decreased
over the delay period. This decrease was only significant in the
negative symptomatic group but not in the other two groups.
In addition, theta power was higher in the manipulation task
compared to the retention task in the control group but not
different between the two tasks in the patient groups.
BA40 Gamma
No significant effects were found in the lower gamma band in
the right BA40 and in the lower and high gamma band in the left
BA40.
In the high gamma band the interaction effect Task× Load×
Time was marginally significant F(2.99, 80.76) = 2.7, p= 0.052 and
the four-way interaction Task × Load × Time × Group reached
a significant level F(5.98, 80.76) = 3.99, p= 0.002 in the right BA40.
Further investigation of the Task × Load × Time effect showed
that while there was no task-dependent difference in right BA40
gamma power in the retention task (low- and high-load) and
the high-load condition of the manipulation task; there was a
marginally significant increase in the low-load condition of the
manipulation task F(2.2, 63.7) = 2.94, p= 0.055.
In order to explain the four-way interaction separate ANOVAs
for the four conditions (RETL1, RETL3, MANL1, and MANL3)
were run. No significant effects were found for the low-load
and high-load retention and low-load manipulation conditions.
In the high-load manipulation condition the controls displayed
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an increase in gamma amplitude over time, while the negative
symptomatic group showed a decrease. The positive symptomatic
group showed a pattern where there is a decrease in the early
delay period and then an increase in the later time windows.
Phase Synchronization
The PLV of the theta frequency band between the ACC and right
BA40 showed a highly significant Group effect, F(1, 27) = 14.85,
p < 0.001. Further post-hoc tests revealed that the control group
had significantly higher PLV than the negative (p = 0.001), and
also the positive symptomatic groups (p < 0.001), whereas the
PLV did not differ significantly between the two patient groups
(p= 0.654).
In addition to this main effect, a significant Load × Time
× Group, F(6, 81) = 2.28, p = 0.044 three-way interaction
effect was found (see Figure 4). Investigation of this three-way
interaction indicated that the controls and positive symptomatic
group displayed the same amount of theta phase synchronization
over time for the low-load and high-load conditions while the
negative symptomatic group showed a significant Load × Time
interaction F(3, 27) = 5.88, p = 0.003 indicating that there is a
rather transient increase in phase synchronization in the low-
load condition in the first half of the delay period. The high-load
condition, on the other hand, shows a more sustained increase of
phase synchronization over the course of the delay period.
Overall, these results indicate significantly stronger fronto-
posterior theta phase synchronization in the healthy controls as
compared to the patient groups.
DISCUSSION
Executive functions have previously been shown to employ
a network of cortical structures spanning prefrontal areas, in
particular the ACC, and right posterior parietal regions. This
network is strongly involved in working memory and operations
requiring cognitive control. Both, executive functions as well
as the underlying neuronal network have been found to be
compromised in schizophrenia. However, little is known about
what it is exactly that underlies those dysfunctions. Furthermore,
even less is known about the brain oscillatory correlates of the
complex and highly diverse symptomatology of schizophrenia
(i.e., negative and positive symptomatology) and its relation to
executive functioning.
In this article we examined schizophrenia patients with
predominantly negative symptomatology, with predominantly
positive symptomatology and healthy control subjects. We
recorded EEG while they performed a visuo-spatial delayed
match to sample working memory task with varying load and
varying need to employ executive functions. We investigated
the delay period of the WM task and compared the three
groups in respect to performance and brain oscillatory activity.
We investigated areas of the fronto-parietal executive control
network (ACC and right BA40 as well as left BA40) by looking
at local amplitude changes of theta and gamma oscillations;
two frequencies repeatedly found to be strongly implicated in
visual working memory operations in these areas. Moreover, we
investigated communication within this network by analysing
phase synchrony in the theta frequency between the frontal and
the parietal regions of interest. We hypothesized that patients
would show a different pattern of functional cortical activation
as compared to healthy controls. Furthermore, we expected the
two patient groups to display differences in brain oscillatory
correlates of executive functioning, given that their different
symptomatologies greatly differ in their behavioral expression.
A very robust finding in this study is that sustained phase
synchronization in the theta frequency between the ACC and the
right (but not the left) BA40 was significantly disrupted in the
patient groups as compared to controls (see Figure 4). Similar
results were also obtained on scalp level by Griesmayr et al. (2014)
where the 21 patients—as one sample—were compared with 21
matched healthy control subjects. Moreover, these findings are
very well in line with the dysconnectivity theory of schizophrenia
(e.g., Uhlhaas and Singer, 2010; Rogasch et al., 2014) stating that
global cortical communication is disrupted in patients suffering
from SZ. During working memory operations that require
executive functions it is repeatedly found that theta oscillations
in prefrontal areas are synchronized with theta oscillations in
posterior parietal regions. This long-range communication is
said to underlie (top–down) executive control from frontal areas
interacting with local posterior information processing (e.g.,
Sauseng et al., 2005; Wu et al., 2007; Sauseng et al., 2008).
Given that executive functions are often impaired in SZ, it stands
to reason that such long-range theta coherence should also be
disrupted. In our case, however, this pattern of dysconnectivity
in SZ patients was not related to impaired task execution, i.e.,
patients did do just as well as the healthy control subjects.
In addition to theta long-range synchronization, the patients
were also distinguishable from the healthy control subjects
by the amount of local theta power difference between the
retention and the manipulation tasks in the right BA40. While
the healthy controls showed a markedly higher theta activity in
the right posterior ROI in the manipulation task as compared
to the retention task, the patient groups displayed no such
load-dependent increase during the delay period. Posterior theta
activity has been found to increase during working memory
operations (e.g., Osipova et al., 2006; see Roux and Uhlhaas,
2014 for a review) and increasing load and has been linked to
determining WM capacity (e.g., Moran et al., 2010). Hence, an
increase in posterior theta activity from the retention to the
manipulation task is not surprising. Such a task/load-dependent
increase was also found in the ACC for all three groups; where
theta power was significantly higher for the high-load and
manipulation task as compared to low-load and retention task.
What is curious, however, is that while patients displayed such
task-dependent increase in theta power in the ACC, they did
not show this pattern of increasing theta power in the BA40.
Moreover, the positive symptomatic group was distinct from the
healthy controls and the negative symptomatic group by the
pattern of ACC theta activity mainly in the manipulation high-
load condition (see Figure 2). The positive symptomatic patient
group seemed to employ generally more sustained frontal theta
activity in all conditions over time and even displayed an increase
over the course of the delay period in the most difficult (high-
load manipulation) condition. Given that frontal theta increase is
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FIGURE 4 | Theta phase synchronization between the ACC and the BA40 indexed by phase locking values (PLVs) for all three groups in the four
conditions over the delay period. While the phase synchronization is fairly constant over time and between conditions, the healthy control subjects display a
generally higher phase synchronization than the two patient groups.
a strong indicator for executive control (e.g., Gevins et al., 1997)
this might hint at the employment of some sort of compensatory
mechanism which recruits more executive processing power to
successfully complete the task at hand.
Interestingly, we also found an effect in the high gamma
frequency range in the ACC differentiating the two patient
groups (see Figure 3). While gamma power did not differ
between the three groups in the low-load conditions, the negative
symptomatic patient group displayed significantly stronger
gamma power than the positive symptomatic group in the
high-load conditions. In fact, while local gamma power in
the ACC increased from the low- to the high-load condition
in the negative symptomatic group, the positive symptomatic
group showed no difference between the two conditions.
This finding suggests that local frontal information processing
represented by gamma oscillatory activity seems to be aberrant
in SZ and might be a key factor in differentiating the neural
underpinnings of the different symptomatologies of the disorder.
It is a finding well in line with the suggestion by Rogasch
et al. (2014) that decreased prefrontal gamma activity is
strongly linked to positive symptomatology. Furthermore, such
differences between the patient groups might play a major role
in explaining contradictory findings in literature where some
authors find decreased frontal gamma in SZ while others find
the opposite pattern (see Senkowski and Gallinat, 2015 for a
review).
Another, although less robust effect indicated that theta power
was attenuated over the time course of the delay period in the
right parietal area in the negative symptomatic group whereas it
stayed constant in the positive symptomatic group and in healthy
control participants indicating consistent engagement with the
to-be-retained information. As the area is thought to be strongly
involved in visuospatial processing (Moscovitch et al., 1995) and
there is evidence suggesting that the theta frequency band is
particularly relevant in such processing (Romei et al., 2011), the
disproportionate reduction of theta power could have a negative
impact on visuospatial working memory. However, this different
pattern in the negative symptomatic group does not necessarily
reflect impairment: Firstly, their behavioral performance was not
impaired as compared to the other two groups; and secondly,
they seem to show a generally slightly different oscillatory pattern
in this task than controls and positive symptomatic patients.
This might partly reflect parallel mechanisms to compensate for
the comprised parietal theta activity (see for instance the ACC
gamma activity differences between negative symptomatic and
the other two groups). To draw any clear conclusions further
studies would be needed to investigate the exact nature and
relevance of this effect more in depth.
In the current study we only found local and fronto-parietal
coupling results in the right but not the left parietal ROI.
This might be because of the material type (i.e., strictly spatial
information processing) or the required attention network.
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The right parietal region is strongly linked to visuospatial
processing and moreover to sustained attention to spatial
locations (e.g., Smith et al., 1996; Malhotra et al., 2009; Jackson
et al., 2011). A right hemispheric dominance for visuospatial
processing, representation and working memory has been
shown in both, primates and humans with neuropsychological
and neuroimaging techniques as well as in neurostimulation
studies (e.g., Pisella et al., 2011; for reviews see Oleksiak
et al., 2011; Pisella, 2016). However, we want to point out
that the role of the right parietal cortex in visuospatial
cognition is not yet fully understood and that visual working
memory processing and attention is not exclusively right
lateralised (e.g., Cowan et al., 2011 for color processing;
Majerus et al., 2010 for faces; Popov et al., 2015 for executive
functioning).
Generally, our results suggest that patients suffering from
schizophrenia display altered oscillatory patterns during
executive processes indicated by disrupted fronto-parietal
theta synchronization in the executive network and local
right parietal theta activity, indicating differential local neural
processes. Importantly, local ACC gamma and to a lesser extent
right parietal and ACC theta also have differential patterns
between positive and negative symptomatic SZ patients, but
long-range fronto-parietal coupling did not distinguish the
two patient groups but only patients and healthy controls. It is
important to point out that our data mainly identified neuronal
processes inherent to patients suffering from predominantly
negative symptomatology which was the group the most
distinguishable from both, the healthy controls and the positive
symptomatic group in local neuronal processing (see group
effects in ACC gamma and right BA40 theta). That this
group stands out is not surprising given that the two patient
groups only differ significantly in the negative symptoms
(see Table 1) while their positive symptomatology scores are
not significantly different. The fact that the performance
between groups was not different points toward the aberrant
neuronal processing displayed by the negative symptomatic
group really being partly of a compensatory nature; however,
from our data we cannot make any definite conclusions about
the meaning of different oscillatory patterns or suggestions
regarding causality. Given that aberrant gamma oscillations
are linked to a dysregulation of GABAergic inhibitory
neurotransmission, the differential findings in the gamma
frequency band between the two patient groups might have
potential implications for medication treatment of the SZ
subgroups in the future.
We argue that the set of results might have very distinct origins
and functions. The pattern of dysconnectivity in SZ which we
also found in this study might be explained by general white
matter loss in patients (e.g., Roalf et al., 2015), irrespective
of symptomatology. However, diffusion tensor imaging studies
would be needed to confirm such a claim. With regards to the
local effects we found in right parietal and ACC theta power
and frontal gamma power, this might reflect either on local
disruptions (in the case of parietal theta activity) or alternatively,
compensatory mechanisms in order to counter processing
deficits. The increased frontal gamma and theta activity in
the negative symptomatic group and positive symptomatic
group, respectively, fits nicely with findings suggesting an
increase in frontal activity as compensatory mechanism (i.e.,
hyperfrontality) as gamma activity has been found to reflect local
neuronal spiking and frontal theta activity is strongly linked to
executive functions.
It is important to emphasize that the above findings are
unlikely to represent only dysfunctional neural processes.
Disruption of a neural network may also trigger compensatory
mechanisms. Thus, in particular the here described local
differences between SZ patients and healthy controls, as well
as, between the negative and positive symptomatic patient
groups can represent local disruption or local compensation
mechanisms. Considering that the negative and positive patient
groups’ behavioral performance was at the level of the healthy
controls, the presence of such compensatory mechanisms is
more than likely. However, it is also important to note that
in the present study the healthy control sample was a tight
match to the patient sample. While most studies comparing
SZ patients and healthy controls report that patients perform
markedly worse than healthy controls, the non-existent group
difference in our study might indicate that no other factors (e.g.,
general cognitive abilities) contributed to the differences in brain
oscillatory activity we found.
Furthermore, it is relevant to point out that the negative and
positive patient groups received various psychopharmacological
medications, which could potentially influence oscillatory
processes; especially as there was a significant difference between
the two patient groups. Hence it cannot be excluded that
our results may be affected by these medications. However,
the impact of medications on oscillatory processes is most
likely generic and not task-specific. The presented results were
specific to executive functions in a working memory task
and do not reflect on generally altered oscillatory patterns
as investigated in studies looking at resting EEG activity. It
might also be worth mentioning that during the baseline
period in our task there was no significant difference in either
frequency band between groups. Moreover, it was found that
prefrontal theta and gamma changes are not associated with
psychopharmacological treatment in first-episode SZ patients
(e.g., Minzenberg et al., 2010) and that deficits are not just
due to lack of concentration, distracting positive symptoms or
medication effects (e.g., Kraguljac et al., 2013).
Finally, we want to highlight that our analysis was strictly
hypothesis driven. That is we did only analyse regions and
frequency bands that are strongly implicated in fronto-parietal
executive functions and visual working memory operations that
are easily accessible with EEG source localization; i.e., the ACC
and BA40. We cannot exclude, however, that other regions might
play an important role and show distinct patterns in patients
and controls, and more to the point, between the two patient
groups. This would need to be further investigated with a more
exploratory approach and potentially wider range of cognitive
tasks and neuroimaging methods. In addition, in order to be able
to make definite claims our results would need to be investigated
further with a much larger sample of patients and healthy
controls.
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CONCLUSION
In conclusion, our results indicate that indeed, the fronto-
parietal executive functions network as indexed by theta phase
synchronization is comprised in SZ. Moreover, local frontal and
right parietal activity in the theta and gamma frequency ranges
can distinguish between patients with predominantly negative
and predominantly positive symptomatology; and are especially
able to differentiate patients with negative symptomatology from
patients with positive symptoms and healthy controls. Finally,
task-related theta and gamma oscillations can be highly beneficial
for understanding the multifaceted nature of SZ and how its
various cognitive dysfunctions and symptoms emerge—even in
the absence of behavioral impairment—and so in furthering its
treatment.
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